Abstract-In this letter, we demonstrate the use of an electronic feedback scheme using a voltage controlled oscillator (VCO) to control the optical phase of individual semiconductor lasers (SCLs) phase locked to a common reference laser using heterodyne optical phase-locked loops (OPLLs). The outputs of two external cavity SCLs phase-locked to a common reference laser are coherently combined, and the variation in the relative optical path lengths of the combining beams is corrected by dynamically changing the phase of the offset radio-frequency signal fed into one of the OPLLs by means of a VCO. A stable power combination efficiency of 94% is achieved. This inherently different method of phase control, i.e., electronic rather than the use of electrooptic crystals, is deemed essential for new applications involving coherent optoelectronics.
I. INTRODUCTION
O PTICAL phase-locked loops (OPLLs) have found applications in microwave photonic systems for coherent optical communications and signal processing [1] . We believe that such phase locking is the basis for a large number of new and significant applications. One of the more interesting of these applications is that of a two-dimensional array of phase-locked semiconductor lasers (SCLs) with arbitrary control of the phase of the individual output beams. Such a control is prerequisite to applications such as coherent power combination, electronic steering of the combined beam, and electronic control of the focusing distance of the combined beam. All of these schemes can be lumped under the title of phase-controlled apertures. The most important aspect of such apertures is the technology employed for the phase control of the individual lasers. We propose a novel electronic feedback scheme using voltage controlled oscillators (VCOs) that enables direct electronic control of the optical phase of an SCL. Electronic feedback con- trol eliminates the need for optical feedback or expensive optical components such as optical phase/frequency modulators [2] , [3] . Moreover, the VCO functions as an integrating phase shifter, providing a practically unlimited dynamic range for the feedback scheme. In particular, the use of electronic phase control in coherent power combination systems enables efficient, low-cost, high-coherence, high-power sources. We have recently demonstrated the coherent power combination of commercial SCLs phase-locked to a common reference laser using heterodyne OPLLs [4] , [5] . However, the combined power fluctuated "slowly" between its maximum value and zero due to thermal and mechanical variations in the (differential) optical path length traveled by each optical wave. In this letter, we demonstrate the use of the VCO feedback scheme to provide the optical phase shift needed to compensate for the aforementioned drift, achieving a stable power combination efficiency of 94%.
II. EXPERIMENT The basic power combination setup is shown in Fig. 1 . Two commercial "slave" local oscillator (LO) SCLs are phase locked to a spectrally stabilized "reference" laser (NP Photonics fiber laser with a 3-dB linewidth of 2.5 kHz) using a heterodyne OPLL configuration. (For a description of the experiment, see [4] .) The reference laser power coupled into each OPLL is about 3 dBm and could be much lower since the loop gain can be compensated electronically. The two LO (slave) lasers are external cavity SCLs with a nominal output power of 75 mW 1041-1135/$25.00 © 2008 IEEE [6] , [7] . However, the bandwidth of our OPLL is instead limited to about 3 MHz by the characteristic phase reversal of the FM response of SCLs due to competing thermal and free carrier effects [8] . A loop filter is used to increase the useful loop bandwidth to 5 MHz, and the holding range to 200 MHz. The measured power spectrum of the optical beat signal between one of the SCLs and the reference laser is shown in Fig. 2(a) . Based on the carrier-to-noise ratio calculated from the power spectrum, the root-mean-square phase fluctuation between the LO laser and the reference laser due to the SCL laser noise is about 7 . Initially, branch 1 in Fig. 1 is connected, so that a common RF offset signal is fed to both OPLLs. A variable attenuator is used in one of the inputs of the beam combining coupler to match the input power levels, and PM fiber is used to match the polarizations. The experimental variation of the combined power signal with time is shown in Fig. 2(b) . The variation in the differential optical length traversed by the two laser output signals causes the combined power signal to exhibit a slow drift between the maximum and zero, as in Fig. 2(b) .
One of the advantages of the heterodyne OPLL scheme is the ability to control the optical phase of the slave SCLs by varying the phase of the RF offset signal, since the optical phase tracks on a 1 : 1 basis the phase of the offset signal. This can be leveraged to compensate for the slow variation in the optical lengths traversed by the two SCL optical waves. This is achieved by feeding back one of the outputs of the 2 2 beam combiner (PD2) into the VCO supplying the RF offset signal in OPLL1, i.e., by connecting branch 2 in Fig. 1 to close the loop. The VCO thus also acts as an integrating phase shifter with unlimited phase range. This eliminates the disadvantage caused by the limited dynamic range of optical or electronic phase modulators, where phase-unwrapping circuitry is required to prevent cycle-slipping when the noise amplitude is high.
III. THEORY, RESULTS, AND DISCUSSION
The steady state phase model of the VCO combination scheme is shown in Fig. 3 . The LO laser 2 is locked to the reference laser (of frequency ) at a frequency offset of , and has a residual phase noise of . and are the free running frequencies of the LO laser 1 and the VCO, respectively.
is the OPLL gain given by the product of the gains of the photodetector PDa, mixer and the loop filter, and the FM responsivity of the laser. Similarly, is the net gain in the VCO branch given by the product of the gain of the photodetector PD2 and the FM responsivity of the VCO. Referring to Fig. 3 , and are given by
The steady state operating point of the system is obtained by setting the time derivatives of the mixer (M1) and photodetector (PD2) outputs and to zero in (1) and (2), giving
If is the power of each combining optical wave, the total combined power detected at the photodetector PD1 is (5) For maximum power combination efficiency, should be as close to zero as possible. From (4), the power combination efficiency can be tuned by varying , the free running frequency of the VCO. One hundred percent efficiency is achieved when the VCO free running frequency is made equal to the offset signal frequency . However, there is a trade-off between combination efficiency and frequency of cycle slips, as can be seen from (4). As approaches zero, frequency jittering of the VCO can cause the quantity to take a negative value, in which case there is no solution to (4) and the VCO loop loses lock. Therefore, the frequency noise of the free running VCO compared to the loop gain limits the minimum value that can take. Further, the residual phase noise in the loop effectively changes the VCO frequency and can throw the loop out of lock.
The VCO loop bandwidth and the gain are limited by the delay in the fiber [6] , so that . When this condition is satisfied, the overall system can be regarded as the combination of two closed loop systems-a "fast" control loop (the OPLL) that tracks the phase noise of the LO laser 1 relative to the reference laser within the OPLL bandwidth, and a "slow" VCO loop that corrects for the phase noise arising due to the slow variations in the optical path length. Fig. 2(c) shows the combined power using the VCO feedback scheme, and demonstrates the high combination efficiency achievable by this scheme. The combined power is held constant with a power combination efficiency of about 94%. This efficiency is mainly limited by the nonzero value of , and can be further improved by the use of a cleaner VCO and lag-lead filters in the VCO feedback path to shape the loop transfer function and increase the dc gain.
IV. CONCLUSION
We have demonstrated the use of an electronic feedback scheme using a VCO for the coherent power combination of two commercial external cavity SCLs phase-locked to a common reference signal. The feedback scheme has been used to compensate for fluctuations in the optical path lengths of the combining optical waves, and a combination efficiency of 94% has been achieved. The scheme is capable of compensating for additional phase noise sources such as fiber amplifiers, and is scalable to larger systems involving the coherent power combination of a large number of SCLs locked to a single reference laser.
